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For the full text of this licence, please go to: http://creativecommons.org/licenses/by-nc-nd/2.5/ size of solder joints for interconnections between components and a substrate has to decrease significantly to minimise the required area on the board. For instance, solder joints in a flip chip have been miniaturized to a length scale below 100 μm. The formation behaviour of SnAgCu grain is described in [1] . At such a small scale, a lead-free SnAgCu solder joint contains only one or a few grains, and therefore, its mechanical behaviour shifts from polycrystalline-to single crystal-based one [2, 3] . Generally, a crystal-plasticity model, which is based on dislocation sliding in certain slip systems of an alloy, is used to describe the plastic behaviour of a crystal [4] . However, the melting point of most solder materials for electronics is relatively low. For instance, the room temperature (298°K) is 0.6 time of the melting point of SnAgCu eutectic alloy (490°K). In this case, the major inelastic deformation mechanism of a solder crystal is creep rather than plasticity.
For most metals and alloys, there are two basic mechanisms that contribute to creep [5] : dislocation creep (due to movement of dislocations, e.g. dislocation glide and climb) and diffusional creep (due to vacancy diffusion, e.g. Nabarro-Herring creep and Coble creep).
Each of these mechanisms is characterized by its stress exponent and activation energy in the power-law constitutive equation. For SnAgCu solder, it has different magnitudes of stress exponents at different stress regions [6] . Figure 1 gives a typical relationship between a creep strain rate and stress for SnAgCu solder at different temperatures. At high stress levels, where the creep rate has a high stress exponent in terms of the power law, creep due to a movement of dislocations is considered as the dominant mechanism and therefore can be described by a modified crystal-plasticity model [4] . However, in the low-stress region with a low stress exponent, the dominant creep mechanism is vacancy diffusion, the movement of which is directed by stresses rather than a sliding in slip systems. Both mechanisms contribute to the mechanical behaviour of a joint since variations of temperature and a subsequent change of loading conditions are inevitable in electronics due to the mismatch of coefficients of thermal expansion (CTEs) of materials forming a package. Therefore, the traditional crystal-plasticity model is not adequate for the mechanical behaviour of a SnAgCu micro joint with a few grains.
Besides elastic and inelastic deformations, another fundamental behaviour of solder materials in electronics is thermal expansion due to temperature variations in a package during its service or a thermal cycling test. For a micro joint, it is an essential source of the anisotropic behaviour for SnAgCu crystal, which is directly related to reliability of the joint [3] , and cannot be neglected. This paper suggests a constitutive equation, which can account for all the major deformational mechanisms of a SnAgCu crystal, including the elastic behaviour, dislocation creep, diffusional creep and thermal expansion, so that it has the potential to predict the response of SnAgCu solder micro joints with few grains. Due to the lack of respective thermomechanical parameters for SnAgCu crystal, only the inelastic part is implemented in the model for discussion. The proposed model is integrated and implemented using the commercial finite element software ABAQUS with the subroutine UMAT. It is tested by application to a micro-joint of a flip chip package under a thermal cyclic load.
Crystal model

Constitutive equation
In electronics, mechanical loading on solder joints mainly results from the mismatch of CTEs of components they interconnect. For instance, in the flip chip electronic package, the CTEs of a silicon chip and PCB substrate are 2.8×10 -6 K -1 and 17×10 -6 K -1 , respectively. A solder joint between them undergoes a shear loading when the temperature changes in the package. Within the range of the temperature excursions of the package in service, the thermal deformation is considerably small. Therefore, the constitutive equation is developed -4 -within the assumption of small deformations.
As analyzed above, there are three main sources of deformation for a SnAgCu crystal:
elastic, creep and thermal expansion. Accordingly, the total strain ε total can be defined as a sum of elastic strain ε e , creep stain ε c and strain due to thermal expansion ε th : th c e total ε ε ε ε + + = .
(
For a bulk specimen, different creep behaviours of SnAgCu solder with a varying power law are generally unified by a hyperbolic sine equation [6] , or described by a double power law [7] . In this paper, the model employs the concept of the double power law so that each type of creep behaviour can be treated individually. Accordingly, the creep strain is subdivided into
Vacancy-Diffusion (VD) component ε vd and Dislocation-Movement (DM) component ε dm :
Following Hooke's law, stresses are expressed as
where C denotes the fourth-order elastic stiffness tensor. Here, C has 21 independent components, and can fully describe the anisotropic elastic behaviour of β-Sn matrix. In DM creep, deformations mainly result from dislocation glide, glide-climb-glide and pure climb mechanisms. The first two mechanisms can lead to a shearing deformation along certain slip systems. Note that a climbing process in glide-climb-glide creep, which is mainly due to the existence of intermetallic particles in β-Sn matrix, does not follow this shearing deformation.
But it can lead to small deviations since climb is not the dominant process compared with glide due to the small volume fraction of intermetallic particles in eutectic SnAgCu solder.
The last mechanism, pure climb, will be discussed together with VD creep. Therefore, the evolution of DM creep strains due to the first two mechanisms can be defined as the sum of -5 -the shear creep rates from slip systems:
where N is the number of slip system, 
where 
The shear strain rate is a function of the resolved stress on the slip system, temperature and hardening variables. Taking the concept of steady-state creep, the effect of hardening is not considered, and the shear strain is expressed in the form of a power law:
where ( ) A α is a constant, n 1 is the stress exponent, ( ) Q α is the activation energy, T is the absolute temperature, R is the gas constant and ( ) α τ is the resolved shear stress on the slip plane in the slip direction: 
where S ij is a deviatoric stress component, n 2 is the stress exponent and σ eq is the equivalent stress. It should be mentioned that in DM, creep due to pure dislocation climb is also directed by stresses, and therefore can be introduced in the same way as that of the Nabarro-Herring creep. For simplicity, this component is not considered. In summary, the proposed model accounts for DM creep including dislocation glide or glide-climb-glide and Nabarro-Herring creep for the inelastic behaviour of a SnAgCu crystal.
In terms of thermal expansion, the properties of a crystal can be described by a CTE tensor α, which has 6 independent parameters. The relationship between the respective strain rate and temperature rate is expressed as
Integration
In the applied finite element software ABAQUS/Standard, a user subroutine, UMAT, is developed to implement the suggested material model. In this subroutine, two types of outputs are required:
(1) Update stresses σ ;
(2) Update material Jacobian matrix D , where
Details of this subroutine can be found in [8] . The following integration procedures are to provide these two types of outputs based on the method suggested in [9] .
For the dislocation creep, the rate of shear strain
γ& for a given slip system α is defined -7 -by:
Employing a linear interpolation, the increment of shearing strain within a time increment Δt is defined by
where θ ranges from 0 to 1. Since the shear rate is a function of the shearing stress and temperature as shown in Eq. (7), its Taylor expansion gives
where ΔT and Δ ( ) α τ are the increments of temperature and shearing stress in slip system α, respectively. Substituting Eq. (13) into Eq. (12), the increment of shearing strain is rearranged:
Following the same procedure, the increment of the creep component due to vacancy diffusion is defined as
The increment of the stress is determined by Eqs. (1), (2) and (3):
Substituting Eq. (17) into Eq. (8), we get:
:
Substituting Eq. (18) into Eq. (14), we get:
th th 
According to Eqs. (19) and (20), if the total strain increment is known, the increment of each inelastic strain component can be determined. Substituting these strain increments into Eq.
(17), the increment of stresses is obtained, which can be used to update stresses. Let us note that the material Jacobian matrix adopted in this paper is the elastic matrix. It should be mentioned that properties of SnAgCu crystal are not homogenous within a grain since the distribution of Cu 6 Sn 5 and Ag 3 Sn intermetallic compounds (IMCs) is not uniform in β-Sn matrix. These IMCs can block the movement of dislocations during deformation, leading to the hardening effect. In a general isotropic constitutive equation, a threshold stress is defined to account for this effect [10] . However, in the model for a crystal, the threshold stress is different in each slip system since it is related to the Burgers vector. This will result in the number of unknown parameters equal to the number of slip systems. To simplify the model, the effect of these substructures within a grain is neglected.
Finite element model
Model Geometry
The model geometry for the flip chip package is based on components FC317G5.08C254-DC and 903001 from Topline. The FE mesh for the package is built in MSC.Marc/Mentat and transformed for ABAQUS with MSC.Patran. Due to symmetry of the package, one quarter of it is analyzed to enhance the calculation efficiency. Figure 3 shows the FE mesh of the model. A joint in the centre of the model is focused in this analysis and, therefore, has a finer mesh than other joints (Fig. 3b) .
The under-bumps metallization between the silicon chip and solder joints and metal finishes between solder joints and the substrate are neglected in the model, and three components are ideally bonded along an interface (each with diameter 0.11 mm). On the symmetric sections of the flip chip package (middle sections along axis X and Y in Fig. 3) , symmetric boundary conditions are applied.
Material properties
Since SnAgCu solder is more ductile than the silicon chip and FR4 substrate, the last two components are assumed to be in the elastic state during the entire loading process. In this case, three types of properties are required for these two materials: elastic modules, Poison's ratios and CTEs. Note that FR4 board has anisotropic properties. In order to have a a basis for comparison, a traditional creep model for a bulk specimen is also applied for SnAgCu solder joints. In this model, the elastic and thermal behaviour can be described in the same way as that for the crystal model, which is indicated in Eqs. (1), (3) and (10) . For the creep component, its rate c ε& is expressed in the form of a hyperbolic sin law [5] :
where C 1 and C 2 are the material constants, n 3 is the stress exponent, Q 1 is the activation energy (C 1 = 7.9251×10 5 , C 2 = 3.56×10 -2 , n 3 = 6, Q 1 = 67.9 kJ/mole, R = 8.314×10 -3 kJ/mole).
In this paper, the dependence of elastic and thermal properties on temperature is not considered. The choice of magnitudes for material parameters is based on [11] .
For the constitutive model for SnAgCu crystals, due to the lack of data for its parameters, its properties are derived from those of a bulk specimen. Since the discussion in this paper mainly focuses on the inelastic behaviour of a SnAgCu crystal, its elastic and thermal properties are assumed to be isotropic and the same as of a bulk specimen. The adopted parameters for VD creep are derived from the creep behaviour of a bulk specimens in the low stress region in [12] (A = 1.2×10 -1 , n 2 = 6.9, Q = 106 kJ/mole). As for dislocation creep, the stress exponent, activation energy and the constant A (α) are assumed to be the same for all slip systems. These parameters are the same as those of a bulk solder's power law equation at the high stress region (A (α) = 1.52×10 -2 , n 3 = 11.6, Q (α) = 93 kJ/mole) [12] .
In a general numerical procedure to predict reliability of solder joints in electronics, a solder's response in a package under a thermal cyclic test is simulated by a FE model. Then the analysis results are used to predict the cycles to failure on the basis of a fatigue model [13] . This paper adopts the same type of load -cycling thermal loading -to demonstrate feasibility and the potential of the proposed model to predict a micro joint's behaviour in electronics. Since the package dimensions are rather small, the temperature gradient in it is negligible for the suggested loading type. The temperature is assumed to be homogenous in the package, and it changes with the ambient temperature. The heating and cooling rate of a thermal cycle is 10 K/min. Its maximum and minimum temperatures are 353 K and 253 K, respectively. Figure 4 demonstrates the temperature change during a single cycle of the thermal cycling test.
Results and discussion
Traditional model
At the first stage of numerical simulations, the model for a bulk specimen (Eq. (21)) is applied to all solder joints to illustrate the deformational behaviour of the package during a thermal cycle and to make a reference for a further comparison. Our previous studies showed that the initial temperature has a little effect on these stabilized results [11] . Therefore, the initial cooling stage during manufacturing is neglected in this study, and the cycle starts at a room temperature (298 K). Figure 5 exhibits the distribution of the equivalent stress in the package when it reaches Point A (318 K, 120 s) during the first half cycle. The deformation of the package has been scaled by a factor 300. The figure clearly shows the warpage trend of the substrate when the temperature increases: its edges move upward along axis 3. This deformation is due to the difference in CTEs in the package plane (directions 1 and 2)
between the silicon chip and substrate. Due to rigidity of the silicon chip (with an elastic modulus 131 GPa), when the temperature increases, the deformation is transferred through solder joints and absorbed by the soft substrate (also part of it is absorbed by solder joints).
The constraint on expansion of the top surface of the substrate is considerably large, leading to an upward warpage of its edges along direction 3. The deformation trend of the silicon chip, which is not presented in the figure, is the same as that of the substrate, but its amplitude is much smaller. Between the substrate and silicon chip, solder joints experience a shearing deformation. Since the difference in displacements of the substrate and silicon chip at their edges is larger than at the centre, peripheral joints undergo a more serious deformation, resulting in larger residual stresses. For a single joint, stresses concentrate at solder/substrate and solder/chip interfaces as shown in Fig. 5 . This is due to sharp angles of connections at these interfaces. Therefore, under a thermal cycling load, interfaces of a peripheral joint are one of the most critical positions in the package.
When the temperature decreases, the substrate has in an opposite trend of deformation to that of the temperature increase. Edges of the substrate move downwards along direction 3 (as shown in Fig. 6 ), presenting the state at the minimum temperature of the first cycle. The substrate contracts in direction 3 with the decrease in temperature. But the extent of deformation is considerably higher than that in directions 1 and 2 since the FR4 board has anisotropic thermal properties: the CTE in the direction normal to the plane is higher than that in the plane. The stress distribution in solder joints shown in Fig. 6 is similar to that in Fig. 5: peripheral joints have larger equivalent stresses, and stresses mainly concentrate at interfaces.
But the stress magnitudes are considerably higher. This is due to a creep behaviour of solder joints, which is able to release more stresses at higher temperature. Following a general procedure, the failure of this joint can be predicted by using the magnitude of the strain change for a stable cycle, as shown in Fig. 7 , in the fatigue model.
Crystal model
Effect of thermal expansion
The proposed crystal model for SnAgCu is firstly applied to the central joint (with a finer mesh as shown in Fig. 3 ) of the package. All the elements in this joint have the same lattice orientation, and therefore, it is considered as a single crystal. The orientation of the grain is arbitrarily chosen and its relation with the entire model is presented in Fig. 8 . Other joints are still described by the traditional hyperbolic sin law as given in Eq. (4) . In the crystal model, all the strain components, including elastic, creep and thermal expansion ones, are accounted.
Here 16 activated slip systems (the same as in [4] ) are considered for DM creep. gives the distribution of σ 33 . It shows that the absolute maximum value of σ 33 is close to that of the equivalent stress in Fig. 9(a) , and that this component also peaks at Points D and E.
According to the definition of von Mises equivalent stress, σ 33 is the major source of stress concentration in Fig. 9(a) . Refocusing on σ 33 , it is found that its value is positive at Points D and negative at E, indicating that these two points experience tension and compression during the shearing deformation with the increase in temperature. Since the absolute value of σ 33 at Points D and E is similar, the total normal load in direction 3 on interfaces is close to zero. In order to investigate the contribution of thermal expansion, the thermal component ε th in Eq. (1) is deactivated for the single-crystal joint. Other joints, as well as silicon chip and the substrate retain this component. The distribution of the equivalent stress when the temperature increases to Point A (318 K) is given in Fig. 9 (c). Compared with Fig. 9(b) , there is only one zone of stress concentration (Point F) at the interface, and its magnitude is higher. These changes result from the lack of the thermal component in this description of the single-crystal joint. With the temperature increase, the distance between the substrate and silicon chip increases due to the expansion of large number of peripheral joints in direction 3. This opening leads to an additional tensile load acting on the single-crystal joint. Therefore, the tensile stress at point B increases with the compressive stress at point C reducing in direction 3, as shown in Fig. 9 (d). Since this normal stress σ 33 is the major source of the equivalent stress, residual stresses increase at point D while reduce at point E, leading to only one stress concentration zone at the interface. Another change is that the single crystal joint becomes thinner in directions 1 and 2 as shown in Fig. 9 . Obviously, this results from the lack of expansion in these two directions. The additional elongation of the joint in direction 3 also contributes to this change since it leads to the contraction in directions 1 and 2 to maintain the volume of the joint.
Effect of Vacancy Diffusion
To analyze the influence of VD and make a comparison, all the strain components in Eqs.
(1) and (2) are accounted at this stage of numerical simulation except VD creep ε vd ,. Figure   10 (a) presents the distribution of equivalent stress when the temperature increases to Point A in Fig. 4 (318 K). Compared with Fig. 9(a) , which considers all strain components, the distribution is the same, including the value of the stress concentration. To investigate this phenomenon, the equivalent strain ε eq ( ε ε : 3 2 eq = ε ) due to DM and VD creep for Fig. 9(a) is given in Figs. 11(a) and (b), respectively. It can be seen that the deformation due to VD is considerably smaller, and therefore, has little effect. This is reasonable since the residual stress is relatively high for low temperatures. DM creep is the dominant deformation mechanism; when temperature increases, the deformation ability of DM creep is enhanced. As shown in Fig. 10 (b) , the maximum stress is relaxed to 26.88 MPa when the temperature reaches its maximum value, (373 K, Point B in Fig. 4 ). But this value is slightly higher than that in Fig. 12 , which considers all strain components, indicating that VD does make a contribution to this relaxation. DM and VD creep accumulation at the maximum temperature (Point B in Fig. 4 ) is presented in Figs. 11 (c) and (d). It can be seen that compared with Figs.
11 (a) and (b) both of these two strains increase significantly, but the increase of VD creep is relatively larger (the VD creep increases by three orders of magnitude while DM creep increases by two orders). In the suggested model, VD is more sensitive to temperature due to its higher activated energy than DM (106 kJ/mole and 93 kJ/mole, respectively). Note that this comparison is a relative one. In this case, VD is more pronounced at high temperatures, leading to larger deformations. It is also found that the distribution of deformation due to these two creep mechanics is not the same as in Figs. 11(c) and (d). This is caused by their different deformation nature. DM creep can only be realised in certain slip systems. The largest deformation accumulates at a position where gliding is most convenient for some slip systems; in case of VD, it is directed by stresses. The highest deformation occurs in the area with highest stresses. Therefore, the distribution of deformation in Fig. 11 (d) is similar to that for the equivalent stress in Fig. 12 .
In contrast to Chen's model [12] , on which parameters the proposed model is based on, in
Wiese's double power law for SnAgCu eutectic solder, the activation energy in a low-stress region is much lower than that in a high-stress region (34.693 kJ/mole and 61.193 kJ/mole, respectively) [7] . Assuming that Wiese's creep model at low stress (i.e. A = 1×10 -4 , n 2 = 3 and Q = 34.6 kJ/mole in Eq. (9)) is dominated by vacancy diffusion, it is directly applied to the studied case for comparison. To be consistent, the model parameters for DM creep and thermal expansion remain the same. Fig. 13(a) presents the equivalent stress distribution for the model with new parameters when temperature increases to Point A in Fig. 4 . The stress distribution is similar to that in Fig. 9 (a) , but the stress levels are lower. As can be seen, the maximum stress reduces from 29.11 MPa to 27.95 MPa, indicating that VD creep develops faster in Wiese's model than in Chen's one releasing more stresses. This is demonstrated by Fig. 13(d) , which shows a considerably higher level of VD creep accumulation than that in Fig. 11(b) . However, the accumulation of dislocation creep becomes less as shown in Figs. 13(c) and 11(a). These changes illustrate the interaction between DM creep and VD in the proposed model. As presented in Eq. (16), both types of creep can release stresses, which are the original driving force for both types of creep. If one leads to higher deformations, the reduced stresses will decrease the driving force of the other due to Eq. (7) or Eq. (9) . To the contrary, the reducing deformation ability of one type of creep can lead to higher deformations due to the other. In the real case of deformation, DM and VD creep can also interact directly. For instance, a certain movement of vacancies is able to release dislocations, resulting in a softening effect. These reactions are not introduced into the model to avoid introduction of too many unknown parameters at this stage. When the temperature increases to the maximum value, Point B in Fig. 4 , the accumulated deformation due to both DM and VD creep increases considerably as shown in Figs. 13(e) and 13(f). This increase for VD is more pronounced since it is more sensitive to temperature. Fig. 13(b) shows that the stresses are even lower than those in Fig. 12 . This is due to the increasing deformation ability of VD in the case of Wiese's creep data.
Similar to the traditional model, the single-crystal joint is tested for four thermal cycles.
Parameters based on both Chen's and Wiese's creep models are used in computational studies.
The relationship between the equivalent stress and equivalent total creep strain is presented in Fig. 14. It can be seen that both models can reach a stable state after four cycles. This demonstrates the ability of the proposed model to predict a response of micro-joints under a long-term thermal cycling in electronics.
Conclusions
In this paper, a constitutive model, which accounts for major mechanisms acting at high temperature in a crystal, is proposed for SnAgCu solder micro joints in electronics. It is implemented for a joint in a flip chip package. The obtained results show that:
1. Under a condition of varying temperature, thermal expansion is a major deformation mechanism for a single-crystal joint. It has a considerable effect on the stress state in the crystal, and also influences other mechanisms of deformation. Therefore, it cannot be neglected in estimates of the response of microelectronics package to thermal cycling. Scale factor for deformation is 300. -34 - 
